Over 100 years, the Journal of Dairy Science has recorded incredible changes in the utilization of fat for dairy cattle. Fat has progressed from nothing more than a contaminant in some protein supplements to a valuable high-energy substitute for cereal grains, a valuable energy source in its own right, and a modifier of cellular metabolism that is under active investigation in the 21st century. Milestones in the use of fats for dairy cattle from 1917 to 2017 result from the combined efforts of noted scientists and industry personnel worldwide, with much of the research published in Journal of Dairy Science. We are humbled to have been asked to contribute to this historical collection of significant developments in fat research over the past 100 years. Our goal is not to detail all the work published as each development moved forward; rather, it is to point out when publication marked a significant change in thinking regarding use of fat supplements. This approach forced omission of critically important names and publications in many journals as ideas moved forward. However, we hope that a description of the major changes in fat feeding during the past 100 years will stimulate reflection on progress in fat research and encourage further perusal of details of significant events.
"After publication of Jordan's reports in 1897 and 1901 that milk fat can be produced from carbohydrates, the viewpoint developed that fat is merely a source of energy exchangeable on an isodynamic basis with other nutrients. As a consequence, for some years thereafter very little attention was given to the fat content of the rations of cows. However, in Germany, Fingerling and his associates between 1904 and 1907 published data which, though showing that sheep and goats can make milk fat from carbohydrates, suggested that fat itself is more efficiently used than is carbohydrate. They also indicated that within certain limits the percentage of fat in milk is influenced by the amount of fat in the ration. These results provoked extensive studies with cows at ten experiment stations in Germany, which were reported by Kellner in 1907. However, since the low-fat rations used provided almost as much fat as was produced in the milk, these experiments provided very inconclusive information."
In the first decade of papers published in Journal of Dairy Science, very few addressed the topic of feeding fat (Appendix Table A1 ). Discussion of oils began inadvertently in early issues in studies that focused on how protein meals altered milk fat content, eventually raising questions about the possible role of their contaminating oils on observed responses. Palmer and Crockett (1917) reported that feeding cottonseed meal to cows increased melting point and long-chain fatty acids of milk fat, and caused an oily flavor of the milk that could be reversed by feeding corn silage but not hay. McCandlish (1921) continued work on cottonseed meal and milk fat percentage, but rejected reports that the amount of oil or fat in a ration affects milk fat percentage stating, "that there is no direct evidence it will do so"-a statement that was eventually proven to be profoundly wrong. Later studies by Woodward (1923) compared feeding linseed oil versus linseed oil meal and concluded that the principal factor causing an increase in milk fat test was the oil rather than the meal. Other studies were concerned mainly with the effect of short-term (1-3 d) feeding of fat on the official tests for milk fat (Nevins et al., 1926) . However, these studies were of short duration, involved few cows, lacked proper experimental design, and used poorly described diets, thus proscribing any conclusions as to usefulness of supplementing fats for milk production.
EFFECTS OF FATS ON LACTATION ARE EXPLORED
From 1929 until 1943, Maynard and coworkers at Cornell University studied the importance of fat in the ration of dairy cattle (Maynard et al., 1941; Loosli et al., 1944) . They found that when an isodynamic amount of fat is replaced by starch, milk yield declines. Although the effect was not great, slightly more milk was produced by cows consuming concentrate mixtures containing 5 to 7% ether extract than by those consuming concentrates containing from 0.7 to 4%. In the first edition of his classic textbook Animal Nutrition, Maynard (1937) concluded that milk production of cows fed less fat than was produced in the milk yielded less milk. When additions of fat as corn oil, soybean oil, or fatty acids were made to low-fat rations, milk yield did not respond, suggesting that the value of the fat is depressed by extraction from the seed.
Numerous studies in the 1930s reported feeding fats of varying composition to study the effects primarily on milk fat composition, but some also investigated fat yield. Brown and Sutton (1931) fed up to 400 g daily of menhaden oil to one low-producing Holstein cow; within 4 d of feeding, both milk yield and fat percentage decreased precipitously. The authors showed by chain length and unsaturation measures that fish oil fatty acids were incorporated into the milk fat. Other authors evaluated effects on milk fatty acid composition of feeding other fish oils (McCay and Maynard, 1935) , corn oil (Sutton et al., 1932) , or fats of varying degrees of unsaturation (Maynard et al., 1936) . In the latter study, milk fat iodine number changed in the direction of the supplement within 24 h of feeding. Moore et al. (1945) briefly reviewed effects of supplemental fats and oils on milk fat percent and undertook studies on amounts and frequency of feeding cod liver oil. They observed that more saturated fats tended to increase milk fat percent, whereas more unsaturated fats lowered milk fat percent and the milk fat was more unsaturated, confirmed by measuring iodine number. Cod liver oil depressed fat percent, or when hydrogenated, did not change fat percent. When cod liver oil was fed in 12 doses/d, milk fat percent of most cows was not changed. Moore et al. (1945) concluded that cows can hydrogenate unsaturated oils to some extent during digestion and absorption, but are unable to accommodate large amounts, which, in principle, was confirmed by later research. With considerable variability noted in the 1930s and 1940s among fat sources and their effects on lactation, later research on fat feeding turned to understanding the key metabolic differences among fat sources that account for this variability. Shaw and Ensor (1959) reevaluated the effect of supplementing cod liver oil on milk fat yield. Whereas Hilditch (1956) had attributed the depressing effect to the long-chain (>C18) UFA of cod liver oil poisoning the fat synthesis mechanisms in the udder (because hydrogenation of cod liver oil eliminated the fat-depressing effect), Shaw and Ensor (1959) showed that both cod liver oil and linoleic acid depressed rumen acetate proportion and milk fat percent, contributing to a growing body of studies exploring relationships between ruminal production of volatile fatty acids, acetate: propionate ratio, and milk fat depression (Van Soest, 1963) .
FAT SOURCES BECOME MORE WIDELY AVAILABLE
As petroleum-based detergents became available after World War II, the availability of tallow increased greatly and prices were low, resulting in increased opportunities for its use in animal feeds, among other uses. At the same time, vegetable oils (especially the soapstocks) generated in refining of corn and soybean oils were competing for animal feed use. Although the latter were quickly adapted by the broiler industry, they gained some limited use in ruminant diets, convenient to some because they could be handled as liquids. Also gaining attention as fat supplements for ruminants were whole seeds, especially whole cottonseed and soybeans. Later came studies on whole sunflower, canola, and flax seeds. Whole cottonseed quickly became a favorite supplement in dairy rations, because in addition to being a good source of protein and energy, it promotes stable rumen function or improves it (Coppock et al., 1987) . Schingoethe and Casper (1991) summarized several lactation studies to show that supplementing TMR with extruded soybeans, sunflower seeds, or whole sunflower increased milk yield when fed from 4 to 16 wk of lactation, although both milk fat percent and protein percent were decreased. Interestingly, the fat supplement effects carried over, resulting in higher mature-equivalent milk yield over a 305-d lactation. Extruding whole oilseeds 10063 for lactating cows consistently lowers milk fat percent because extrusion releases excessive amounts of free oil in the rumen. However, whole or cracked roasted soybeans are a very acceptable energy source for lactating cows (Faldet and Satter, 1991; Tice et al., 1993 Tice et al., , 1994 Jenkins and McGuire, 2006) . A useful summary of fat in forages is provided by Glasser et al. (2008) . Rabiee et al. (2012) quantified, using meta-analysis and meta-regression, the effects of supplementation with fats on milk production and milk components by dairy cows. Of 38 papers containing 86 comparisons, 5 groups of fats were evaluated: tallow, calcium salts of palm fat, oilseeds, other calcium salts, and prilled SFA. Responses to fat feeding were highly heterogeneous for all variables studied and heterogeneity was present within responses from individual fat groups. Lower DMI combined with higher milk and milk fat production showed that fats could improve efficiency of milk production, including when fed with recombinant bST (Schneider et al., 1990) .
THE LIMITATIONS OF FATS BEGIN TO EMERGE

Digestibility Effects
Studies of fat digestibility were undertaken in the 1940s Swift et al., 1947 Swift et al., , 1948 . All reported that added oil decreased fiber digestion and increased fat digestibility; however, all were compromised by the lack of recognition (Ward and Reid, 1948 ) that much of fecal fat occurs as the insoluble calcium soap, which is not measured by classic ether extraction procedures and thus overestimates fatty acid digestibility. Studies before the report of fecal calcium soaps and many later must be carefully evaluated as to methodology of fecal fat extraction; if acidic extraction is not used, results overestimate fatty acid digestibility (Palmquist and Jenkins, 2003) and this remains an issue to this day.
Many studies in the 1950s addressed the effects of added vegetable oils on fiber digestion in the rumen. Of special note, the depressing effect of fat on cellulose digestibility in vitro was shown to be reversed by addition of alfalfa ash (Brooks et al., 1956) , and fat effects on fiber digestion in vivo were reversed by calcium addition (White et al., 1958) . Tillman and Brethour (1958) showed that addition of corn oil to the diet of sheep decreased Ca digestibility and retention. Davison and Woods (1960) reported that all SFA from C8 to C18 inhibited cellulose digestion in vitro. el- Hag and Miller (1972) later modified these conclusions in an elegant series of studies, showing that C10 to C14 saturates and the C18 unsaturates inhibit cellulose digestion and that the effects are reversed by addition of calcium chloride, except for C10. Status of knowledge on digestion and utilization of fat by ruminants was summarized by Palmquist and Jenkins (1980) . Palmquist (1991) noted that fatty acid digestibility is curvilinear at high intakes, especially of high C18 vegetable fats. Whereas all dietary fatty acids and C18 biohydrogenation (BH) products have similar intestinal digestibilities (Moate et al., 2004; Glasser et al., 2008) , at high intestinal flows of C18:0, intestinal digestibility declines quadratically (Glasser et al., 2008) or linearly (Boerman et al., 2015) . This is surely caused by low solubility of C18:0 in intestinal micelles, causing C18:0 to fall out of solution as more unsaturated or shorter-chain fatty acids are absorbed in the jejunem (Lough, 1970; Glasser et al., 2008) .
Rumen Fermentation
Key to studying rumen fermentation and microbiology was the development of the permanent rumen fistula, as demonstrated by Monroe and Perkins (1939) at The Ohio Agricultural Experiment Station in their analysis of rumen pH fluctuations (Figure 1 ). Lorraine Gall was an early investigator to address microbiology of the rumen (Gall et al., 1947) and introduced the methodology in Ohio with Wise Burroughs and Paul Gerlaugh (Gall et al., 1949a,b) . These investigators were later joined by Marvin Bryant and Milt Allison at USDA and Burk Dehority in Ohio, all premier rumen microbiologists who published in the Journal of Dairy Science.
Ready access to rumen contents was essential to pursue the cause of depressed milk fat percent when certain oils were fed to cows. Most of the earlier research of effects of lipids on rumen microbial metabolism was published by researchers in the United Kingdom (Dawson and Kemp, 1970; Harfoot, 1978) . Studies published in the Journal of Dairy Science were by Katz and Keeney (1966) , who reported numerous octadecenoic isomers in rumen content, and Sklan and Budowski (1974) , who described fundamental ruminal BH requirements for temperature, pH, and cofactors. Work continued on fatty acid effects on rumen fermentation such as effects of fat saturation and esterification (Steele et al., 1971) and the role of dietary fiber in alleviating fermentation problems from added fat (Doreau et al., 1991; Bateman and Jenkins, 1998; Avila et al., 2000) .
RUMINAL BH IS DESCRIBED
A brief history of the development of research on ruminal BH is provided in Palmquist (2007) and Jenkins and Harvatine (2014) . Ruminal BH of dietary UFA was first described in 1951 by Reiser (1951) and in detail by Shorland et al. (1957) , although its occurrence had been speculated much earlier. Certainly, the development of GLC shortly thereafter advanced the description of BH. Detailed studies by Tove's group (Kepler et al., 1966) showed that BH of linoleic acid (cis-9,cis-12 18:2) was initiated by isomerization of the cis-12 double bond to trans-11, followed by hydrogenation of the cis-9 double bond. Subsequent studies showed that isomerization of the cis-12 bond before the hydrogenation step is typical in fatty acids containing cis-9,cis-12 methylinterrupted unsaturation. Research on chemical and microbiological BH processes was active in the 1960s and 1970s (Dawson and Kemp, 1970; Harfoot, 1978) . The demonstration by Harfoot et al. (1974) that fatty acids are adsorbed to surfaces of feed particles and microbial cell walls in a competitive manner was key for several reasons: the BH process takes place on feed particle surfaces and adsorption to feed particles removes fatty acids from the medium and decreases attachment to and inhibition of microbes; and it explained the beneficial effects of high-forage diets when fat supplements are fed. The source and unsaturation of fatty acids influence the BH process. Feeding whole soybeans to lactating cows increased yield and percentage of milk fat, but when soybean oil was fed, a decrease in amount and milk fat percentage was decreased (Steele et al., 1971) . When fats are fed as glycerides, especially as whole seeds, fatty acids are released slowly, unesterified fatty acid concentrations remain low, and UFA are biohydrogenated completely to stearic acid (Morales et al., 2000) . When fats are fed as free oil, or as free acids, an intermediate of BH, trans-11 18:1 (vaccenic acid) accumulates, and further BH to stearic acid proceeds slowly. Thus, BH takes place as 2 separate steps, by different organisms; when vaccenic acid accumulates, the final BH step is inhibited (Moate et al., 2008) . The result is that under feeding conditions in which free unsaturated oils or fatty acids are fed, a large amount of vaccenic acid and numerous other trans-UFA isomers are formed and absorbed. Whereas Jenkins and Bridges (2007) concluded that all supplemental fats, protected or unprotected, are biohydrogenated to a similar extent (C18:1, 86%, C18:2, 82%, and C18:3, 86%), some authors have reported increased UFA contents in milk fat when feeding whole seeds, especially whole raw (Barletta et al., 2016) , roasted (Timmons et al., 2001) or steam-flaked soybeans (Bruns et al., 2015) . As noted by Jenkins and Bridges (2007) , increasing the amount fed of unprotected fats will increase duodenal flow of unsaturated fats.
OVERCOMING BH TO MODIFY MILK FAT COMPOSITION
Concerns from the medical community beginning in the 1950s that saturated animal fats cause high blood cholesterol and cardiovascular diseases brought intense pressure on milk producers and processors to search for opportunities to decrease the proportion of saturated fats in dairy products. This led researchers in Australia to develop animal feeds based on unsaturated oils protected from ruminal BH. The protection process involved coating oil with vegetable proteins or casein, followed by treating with alkali, formaldehyde, and drying (Cook et al., 1972) . The product was inert in rumen contents but the aldehyde cross-links were labile at the acid pH of the abomasum, releasing the unsaturated oils for intestinal digestion. This was an effective process (Ashes et al., 1992 (Ashes et al., , 1997 , and led to an abundance of research worldwide on effects of feeding these products on fat composition of milk and meat (McDonald and Scott, 1977) . Further, a means was made available to stimulate research on ruminant lipid metabolism. Milk fat with 20% or greater linoleic acid could be produced (Wood et al., 1974) , but it was soon shown that such products were not stable due to potential oxidation. Because of product-processing difficulties, regulatory issues concerning use of formaldehyde in food production, and probably costs of production, such polyunsaturated foods never became commercially available. As understanding of milk fat synthesis progressed and the effect of supplementing various fats and oilseeds became apparent, and consistent with an increasing demand from the public for low-fat dairy products, research on alternate methods to modify milk fat composition by feeding conventional fat sources occurred (Grummer, 1991; Palmquist et al., 1993) .
Feeding any long-chain fatty acid supplement decreases the short-and medium-chain fatty acids in milk and increases the content of mainly C18 fatty acids, whereas feeding supplements high in C16 increase that fatty acid to a greater extent than increasing C18 fatty acids. Timmons et al. (2001) measured fatty acid composition of diets from 20 dairy farms that fed from 0 to 15% of feed DM as roasted whole soybeans, focusing on C18:2 and C18:3 contents of soybeans, diets, and milk fat. Contents of both C18:2 and C18:3 in milk fat increased linearly, to nearly double, at the highest content of roasted soybeans in the diets. As the percentage of roasted whole soybeans increased in diets, C18:2 increased in the DM, whereas little increase was observed for C18:3. The observation of increased milk fat 18:3 with only a small increase in intake from the roasted soybeans was explained by Morales et al. (2000) , who observed less BH intermediates and higher C18:0 and C18:2 in milk of cows fed whole roasted soybeans compared with cows fed tallow. They concluded that fatty acid release from the heat-treated soybeans proceeded slowly, allowing complete BH of UFA, while simultaneously some UFA were not released from the seed, allowing these to pass the rumen unchanged. Global effects of feeding different sources of fat on milk fatty acid composition were reviewed in detail by Glasser et al. (2008) and Hurtaud et al. (2010) .
In later years, interest in modifying milk fat composition moved more in the direction of functional foods. The term "functional foods" was first used in Japan in the 1980s as a legal definition for foods that have specific physiological effects. Pariza's group (Ha et al., 1987; Pariza, 1999) discovered that conjugated cis and trans isomers of linoleic acid (CLA) have potent anticancer properties. Parodi (1994) observed that the biologically active CLA isomer cis-9,trans-11 18:2 is found in milk fat (Parodi, 1977) and could be synthesized from vaccenic acid (trans-11 C18:1), a common milk fat component. These key discoveries led to intense research activity among dairy scientists to develop effective diets that promote higher concentrations of vaccenic acid and cis-9,trans-11 18:2 (later given the trivial name "rumenic acid") in milk fat. These studies coincided with the period of renewed interest in ruminal BH as related to ruminal synthesis of trans isomers of C18 UFA and low milk fat syndrome (Bauman and Griinari, 2001 ). Other components of milk that have drawn interest for their functionality include butyric acid, phytanic acid (Hellgren, 2010) , and other branched-chain fatty acids, casein, whey proteins, oligosaccharides, and many more (Clare and Swaisgood, 2000; Mills et al., 2011; Kanekanian, 2014; Visioli and Strata, 2014; Beltrán-Barrientos et al., 2016) .
Feed Intake Limitations
It was not until later that attention turned to the effects fat on feed intake. Heinrichs et al. (1982) showed that adding 10% tallow or animal-vegetable blend to a concentrate fed at 50% of dietary DMI caused cows to eat smaller initial meals, compensated by more frequent, small spontaneous meals. No difference in total DMI occurred. Drackley et al. (1992) infused SFA, MUFA, and PUFA into the abomasum of lactating cows, and intake depression increased with increasing chain length and unsaturation. Benson et al. (2001) infused UFA and reported that although DMI was reduced, ME intake was not; C18:2 was more effective than C18:1, and unesterified fatty acids had a greater effect than esterified to reduce intake. Litherland et al. (2005) infused soy oil abomasally as fatty acids or glycerides at 0, 200, 400, or 600 g/d. Dry matter intake and milk and fat yields decreased when either form of oil was infused, although the rate of decline was greater when fatty acids were infused. All de novo synthesized fatty acids except C4 and C6 were decreased as the amount of oil in either form increased. Numerous authors have reported that calcium soaps of palm fatty acids depressed intake compared with SFA. Considering that calcium soaps of palm contain ~40% C18:1 and ~8% C18:2 and that BH approximates 50% in the rumen (Klusmeyer and Clark, 1991; Wu et al., 1991) , the higher unsaturation of fatty acids appearing in the intestine may depress intake. Choi and Palmquist (1996) reported that highfat diets increased circulating cholecystokinin (CCK), and Choi et al. (2000) showed that CCK depresses DMI in nonlactating heifers. Neither Benson et al. (2001) nor Litherland et al. (2005) observed increased plasma CCK when oil was infused abomasally. In an intensive and extensive series of studies, Allen and colleagues Allen, 2012, 2014; Allen, 2014; Piantoni et al., 2015c) have shown that DMI is related to rates of change in plasma nonesterified fatty acids and hepatic concentrations of acetyl-CoA after feeding when energy intake is limiting.
RECOMMENDATIONS FOR FEEDING FAT
With increased awareness of the limitations of feeding UFA came recommendations for limiting their content in lactation rations. Although the primary reason to use fat in diets for lactating cows may be to increase energy density, using fat increases flexibility for ration formulation. Conrad (1978, 1980) used fat to maintain the energy concentration of the diet while decreasing grain and increasing forage contents. This increased milk fat percentage without loss of milk yield. This approach is also applicable in later lactation to prevent excess fattening of cows.
A common question is how much fat should be fed. As noted above, Maynard (1937) observed that cows fed less fat than was produced in the milk had decreased milk yield. Does that observation, in cows producing no more than 18 to 25 kg/d of milk, apply to today's cows? Considering that approximately one-half of dietary fat is transferred to milk fat and that a similar amount of C16 and C18 fatty acids in milk is derived from dietary fatty acids, Maynard's (1937) observation appears to be valid. Two recent papers provide interesting data to challenge that idea: Greco et al. (2015) fed ~950 g/d of supplemental fat to cows yielding 1.5 to 1.7 kg/d of milk fat; C16:0 content of the milk fat was 36 to 38% of total milk fatty acids, reflecting high de novo synthesis, typical for cows fed insufficient fat (Banks et al., 1976) . Stoffel et al. (2015) fed 600 to 800 g/d of supplemental fat (total diet fat <3%) to cows yielding 1.3 to 1.5 kg of fat per day. The C16:0 content of the milk fat was 27 to 32% of total milk fatty acids, considered to be within a normal range. In the latter study, Stoffel et al. (2015) treated the cows with recombinant bST, which apparently stimulated both de novo synthesis and body fat mobilization (mainly C18 fatty acids) to achieve high milk fat yields and normal composition despite low fat intake. Although both studies achieved high milk and fat yields with less than optimal fat intake, on balance it seems advisable to feed fat at higher levels than reported by Greco et al. (2015) and Stoffel et al. (2015) to ensure maintenance of both milk production and appropriate body condition. Thus, Maynard's observation to feed as much fat as the cow produces remains a useful rule of thumb for feeding. Kronfeld (1976) estimated, by modeling metabolic pathways, that cows should be fed fat at 16% of ME intake to achieve maximum energetic efficiency. If fat is fed in an amount equal to that in milk, metabolic efficiency (according to Kronfeld) increases from less than 8% of ME at 10 kg/d to greater than 18% of ME at 50 kg/d of 3.5% ECM (Figure 2 ). Dietary fat is transferred to milk fat without the energetic cost of synthesis, recognized more than a century ago by Fingerling and associates (Reid, 1956) , described in detail by Baldwin et al. (1980) , and demonstrated in practice by several studies .
Even at low levels of fat supplementation, fats may depress ruminal fiber digestion, or more likely promote formation of fatty acid isomers that cause milk fat depression. Jenkins and Harvatine (2014) developed a formula to calculate the amount of unsaturated fat that may be safely added to lactation rations. It takes into account the total UFA in the supplement and the NDF content of the dietary DM as follows:
Fat to include in the ration (%) = 4 × % NDF ÷ sum of % UFA in the supplement.
From early on, it was assumed that fat supplementation is necessary only during the period of lactation when cows are in negative energy balance. However, some studies showed that supplemental fat feeding from parturition depressed feed intake (Ruegsegger and Schultz, 1985; Jerred et al., 1990) , suggesting that fat should not be fed until after 6 wk of lactation. It was thought that perhaps the total supplemental and mobilized fat was greater than the ability of the cow to metabolize the fat (Palmquist, 1994) . Recent research has shown that in early lactation, supplemental fat fed with high NDF diets is deposited in body reserves, perhaps via insulin stimulation, whereas supplemental fat fed with low NDF diets increases milk yield (Weiss and Pinos- Figure 2 . Energetic efficiency of milk synthesis increases quadratically with increasing milk yield when fat is fed in amounts equal to milk fat yield. According to Kronfeld (1976) , optimum metabolic efficiency is achieved when dietary fat = 16% of ME intake. Source: D. L. Palmquist, unpublished data (1992) . Rodriguez, 2009; Piantoni et al., 2015a,b) . Important in these studies is that SFA were supplemented at low levels (<3% of DM).
THE DAWN OF BYPASS FATS
Bypass fats emerged from the growing interest in the possibility of enhancing diet energy density from added fat, along with the desire to minimize negative effects of unsaturated fats on rumen fermentation and digestion (Appendix Table A1 ). The idea of bypass fats began when Palmquist and Conrad (1980) noted that calcium content was the most significant dietary factor affecting fiber digestibility in lactation rations; this led to studies on the interactions between fat and calcium content of the diet on fiber digestion and specifically on the rates of calcium salt formation in the rumen. It was found that although selection of fatty acids and calcium source could influence rates of insoluble calcium salt formation (thus rendering fatty acids inert in the rumen), the resulting extents of soap formation were insufficient to prevent effects of dietary UFA on fiber digestion. Further studies showed the effectiveness of feeding preformed calcium salts (soaps) of fat ( Figure 3 ) and the ability of the animal to efficiently digest the preformed soaps (Jenkins and Palmquist, 1984) . These studies led to a period of intense research on what became known as "rumen-inert" fats. As time passed, the term "bypass fats" gained popularity over the more technically accurate "rumen-inert" terminology to describe fats that minimize rumen fermentation problems. Dozens of in vitro and in vivo studies followed in the Journal of Dairy Science, evaluating Ca salts of fatty acids on lactation performance. The survival of Ca salts over the decades was a combination of their inertness in the rumen, positive effects on lactation (Rabiee et al., 2012) , ease of handling and transportation, and backing from extensive research.
With the door open for bypass fat from the success of Ca salts, alternative bypass fats were developed commercially that were based mainly on SFA, usually prilled fats consisting largely of palmitic and stearic acids. These provided high energy without the risk of disrupting rumen fermentation often reported with UFA. Grummer (1988) fed prilled fatty acids and Ca salts to cows and concluded that both were inert in the rumen when fed at 3.5% or less of the ration DM. Numerous commercial fat products based on Ca salts or prilled SFA have become available to the dairy industry since their first development in the 1980s. Several of these have had ongoing success due largely to their consistency and quality control, availability of product, and a base of research trials documenting their effectiveness. Saturated triglycerides also were tested for effectiveness as alternate bypass fats but were shown to have very low digestibility, attributed to the insoluble nature of low iodine value (IV) fats that could not be hydrolyzed or absorbed in the small intestine. Firkins and Eastridge (1994) showed that an IV of >30 is required for acceptable digestibility.
FEEDING FATS AND REPRODUCTION
With the realization that energy restriction compromises reproductive performance, studies gained momentum in the early 1990s to evaluate effects of feeding fat on reproduction. Carroll et al. (1990) fed 5% prilled fatty acids to Holstein cows and reported increases in plasma progesterone during the luteal phase. A later review by Grummer and Carroll (1991) summarized the effects of dietary fat on reproductive performance of dairy cattle. At about the same time, the effects of fat supplements on reproduction were being evaluated at the University of Florida. Lucy et al. (1991) reported that feeding calcium soaps of fatty acids to cows altered the diameter of follicles after progesterone treatment (Figure 4 ).
Results were showing that dietary fats could influence the reproductive status of dairy cows, including increasing the number and size of ovulatory follicles, plasma concentration of progesterone, and decreasing the secretion of prostaglandin F 2α metabolite depicting the value of calcium soaps of fatty acids in alleviating depression in cell wall digestibility by 100 mg/g of fatty acids in vitro. Results from this trial formed the basis of feeding preformed calcium salts of fatty acids as a bypass fat to prevent rumen fermentation and digestion problems.
(PGFM), resulting in increased lifespan of the corpus luteum (CL) and improved fertility (Staples et al., 1998) . Many of these effects can be related to increasing intake of essential fatty acids through effects on prostaglandin synthesis; this has led to increased research on the role and requirement for essential fatty acids in reproduction. Fouladi-Nashta et al. (2007) synchronized estrous cycles in cows fed a silage-based diet supplemented with either low (200 g/d) or high (800 g/d) amount of fat. Oocytes were collected, matured, fertilized, and cultured to the blastocyst stage in vitro. The high-fat diet reduced numbers of small and medium follicles without any effect on the quality of oocytes or cleavage rate and improved blastocyst production from matured and cleaved oocytes. Blastocysts from the high-fat group had significantly more total, inner cell mass, and trophectoderm cells than the low-fat group. Higher milk yields were associated with reduced developmental potential of oocytes in cows given a lowfat diet. Provision of a high-fat diet buffered oocytes against reduced developmental potential, resulting in significantly improved developmental potential.
Modifying intakes of n-6 and n-3 fatty acids regulates the balance of 2-and 3-series prostaglandins. Establishing pregnancy after fertilization requires continued progesterone secretion from the CL; high concentrations of PGF 2α cause regression of the CL, with loss of the conceptus before it is established in the uterus. Increasing the availability of linoleic or linolenic acid decreases synthesis of arachidonic acid (Chagas et al., 2007) , the precursor for PGF 2α , in turn decreasing its synthesis. Also, higher linolenic acid increases synthesis of eicosapentaenoic acid (EPA), a precursor of the 3-series of prostaglandins that counteract the effects of PGF 2α . Providing EPA directly by feeding fish oil has a similar effect. More subtle effects of EPA in these processes have been reviewed (Chagas et al., 2007; Wathes et al., 2007) .
An early return to ovarian activity postpartum may not be desirable in dairy cows. Prostaglandin F 2α is necessary in the postpartum process of involution of the uterus and restoration of tissues for the next pregnancy. Absence of ovarian activity during this period appears to enhance the process of involution. Thatcher et al. (2006) suggested that a strategy of dietary supplementation with functional nutrients to increase availability of prostaglandin that would enhance general immunocompetence and neutrophil function could be an attractive means to manage uterine infections and subsequent infertility. Cows that developed endometritis had lower PGFM concentrations during the early postpartum period (i.e., 0-14 d postpartum), perhaps contributing to a reduction in neutrophil function that compromises the ability of the uterus to prevent or manage infections. After completion of uterine involution, sequential ovulations would be a goal toward normal fertility. To test these concepts, as summarized by Thatcher et al. (2006) , cows were supplemented for 28 d prepartum or only postpartum with a calcium salt of fatty acids containing 28% linoleic acid, fed until 10 wk postpartum. Those cows supplemented prepartum had significantly higher PGFM in serum for the first 12 d of lactation than cows in other groups and fewer health problems in the first 10 d postpartum, whereas conception to first insemination after induced ovulation at 72 d was greater (P < 0.09) for all supplemented groups compared with no supplement. A note of caution is warranted: if supplementation of linoleic acid is excessive, desaturation and chain elongation to arachidonic acid, the precursor of PGF 2α , will be inhibited.
A further concept of manipulating essential fatty acid availability in reproductive management is to feed a high linoleic fatty acid source from 28 d prepartum to 28 d postpartum, followed by a high n-3 source, preferably fish oil, from 28 to 100 d of lactation. The first would provide an environment as described above, whereas following with a high n-3 source should decrease the 2-series and increase the 3-series prostaglandins to improve the environment for embryo implantation and survival. Collectively, these studies suggest that feeding fats enriched in selected UFA, beginning in the dry period and continuing in the postpartum period, improves postpartum health and milk production, as well as the development of bovine embryos and subsequent pregnancy rates. The beneficial effects on reproductive responses may be due to a hastened restoration of the postpartum reproductive system to support embryo Lucy et al. (1991) , showing the increase in number of large follicles when cows were fed calcium salts of long-chain fatty acids (CA-LCFA). Reprinted with permission. 10069 development (Thatcher et al., 2006) . Silvestre et al. (2011) applied these principles on a commercial dairy. Holstein cows (n = 1,380) were assigned randomly to be fed either calcium salts of palm oil or safflower oil from 30 d prepartum until 30 d postpartum and further randomized to receive either calcium salts of palm oil or fish oil from 30 to 160 d postpartum. Supplementation of calcium salts of fatty acids was at 1.5% of dietary DM. Silvestre et al. (2011) concluded, "plasma PGF 2α metabolite was greater in cows fed calcium salts of safflower oil (high n-6 source) at 4 and 7 d post-partum. Pregnancy per AI at 32 and 60 d post first AI was not affected by diets, but pregnancy loss was less in cows fed calcium salts of fish oil (high n-3 source). At second AI, pregnancy was greater in cows fed fish oil soap at 32 d and in cows fed the safflower oil-fish oil sequence at 60 d post AI. Pregnancy loss after second AI was not affected by diets. Overall pregnancy per AI was greater in cows fed calcium salt of safflower oil followed by calcium salt of fish oil at 60 d of pregnancy and pregnancy loss was reduced in cows fed fish oil. Monthly milk yield was greater (0.7 kg/d) in safflower oil-fed cows. In conclusion, strategic feeding of calcium salt of fatty acids during the transition and breeding periods can benefit fertility and milk production of lactating dairy cows."
THE CONTRIBUTION OF DIETARY FAT TO MILK FAT SYNTHESIS AND COMPOSITION
Questions about the origin of fat in milk surfaced early in the Journal of Dairy Science and soon led to studies examining the role of dietary fats in milk synthesis. Early studies on composition of milk fat were slow, tedious, and often not quantitative. Hilditch (1956) contributed much data to the description of milk fat composition. Fatty acids were separated by fractional distillation after precipitation of unsaturates by addition of urea. Identification of UFA was accomplished by isomerization and infrared photometric absorption. Fatty acid chain length of glycerides was characterized by saponification number and unsaturation by iodine number; milk fat short-chain fatty acids were characterized relatively, but not quantitatively, by the ReichertMeissl number, though the latter could be quantified by steam distillation and titration. Application of these methods to milk fat analysis is described in a series of papers by Smith and Jack (1954a,b) and Smith et al. (1954) . In 1952, James and Martin published the first article on a procedure for GLC that revolutionized the analysis of fatty acids. Although it took some time for the method to become routine for milk fat analysis (James and Martin, 1956) , it has become an essential tool for milk fat research (Patton et al. 1960; Smith, 1961) . A useful illustration of the effect of GLC on understanding milk fat composition is to compare the reviews by Garton (1963) and Jensen (2002) on fatty acids in milk fat. Whereas Garton (1963) reported ~35 milk fatty acids plus an equal number unidentified, Jensen (2002) reported over 400 fatty acids in milk.
Metabolic pathways for intramammary fatty acid synthesis, especially for sources of carbon, were relatively well known by 1970 (Storry, 1970) ; however, the mechanisms for supply of NADPH required for fatty acid synthesis were less certain, as it was known that the citrate lyase cycle is not functional in the ruminant mammary gland. The question was resolved by Bauman et al. (1970) , who described the NADP-isocitrate dehydrogenase cycle. This pathway conserves glucose for ruminants by a combination of mitochondrial and cytosolic enzymes and using rumen-derived acetate to furnish carbons for lipogenesis as well as a portion of the reducing equivalents needed for fatty acid synthesis.
Although it was clear that part of C16 and all C18 fatty acids were of exogenous source (Palmquist et al., 1969) , utilization of the long-chain dietary fatty acids remained largely undefined. In a nicely designed study, Banks et al. (1976) compared milk yields of C16 and C18 fatty acids as a function of their intakes from low fat or fat-supplemented diets. They reported a linear relationship between C18 intake and yield: Y = 75 + 0.54X, R 2 = 0.92, for 20 pairs of data, where Y = yield of C18 fatty acids, and X = total C18 intake. Thus, at zero intake of C18 fatty acids, milk yield would include 75 g/d of C18, and 54% of C18 consumed would be transferred to milk fat. The authors compared this transfer quotient with data from the literature that, rather consistently, was only ~0.3. The lower value would indicate that, in general, intakes of C18 reported in the literature exceeded capacity for milk secretion. The transfer coefficient of Banks et al. (1976) is identical to values observed by LaCount et al. (1994) for transfer of C18:1 from intestinally infused canola oil or high oleic sunflower oil to milk fat (Y = 184.5 + 0.541X, R 2 = 0.70), and for transfer to milk fat of C18:2 from the same oils (Y = 22.2 + 0.527X, R 2 = 0.88). Moallem et al. (2012) reported transfer of linolenic acid from infused flaxseed oil of 0.44 to 0.46. Consistent with these transfer estimates, radiotracer studies using labeled palmitic and linoleic acids injected ruminally or intravenously by Palmquist and Conrad (1971) and Palmquist and Mattos (1978) showed, by kinetic analysis, that 90% of long-chain fatty acids in milk (45-50% of total milk fat) are derived directly from the diet. Further research (Kleppe et al., 1988; Pullen et al., 1989 Pullen et al., , 1990 showed that very little of circulating plasma fatty acids is incorporated into liver very low density lipoprotein (VLDL) triglycerides and secreted into plasma in ruminants. Although a net transfer of plasma nonesterified fatty acids across the mammary gland does occur, the amount of fatty acids mobilized from adipose tissue that contribute to milk fat synthesis is relatively small, except during early lactation when body fat mobilization is very great. Drackley et al. (2007) , infusing high oleic sunflower oil fatty acids, achieved a milk fat C18:1 content of 57%, indicating that the amount of this fatty acid in milk fat is not limited in the physiological range of content. Banks et al. (1976) also plotted milk C16:0 against intake of C16:0; when diets were supplemented with fat, C16:0 yields were less than that observed at low fat intake, showing that dietary fat inhibited mammary C16:0 synthesis. If dietary C16:0 is absorbed and utilized for milk fat synthesis similar to that for C18 fatty acids, then mammary inhibition of C16:0 synthesis by exogenous fatty acids would be on the order of 50%, consistent with the observation by Banks et al. (1976) that supplemental diet fat inhibited the synthesis of fatty acids C6 to C14 by 40%, whereas content of butyric acid in milk fat is relatively independent of dietary fat. Finally, they observed that in milk fat from cows on low-forage fat-depressing diets, the ratio of C18: 1: C18: 0 was excessively high; they postulated that a large portion of the C18:1 in such conditions could be trans C18:1, as had been proposed by Davis and Brown (1970) .
It was recognized early that feeding fat often decreased milk protein percent, and this became a focus of research (DePeters and Cant, 1992 ). An in-depth study by Cant et al. (1993a,b) concluded that increased utilization of preformed fatty acids for milk fat synthesis spared glucose utilization for lactose synthesis, increasing milk yield and lactation efficiency without increasing mammary blood flow and AA uptake, thus diluting milk protein concentration. However, DePeters and Cant (1992) calculated that only 34.5% of the change in milk yield was responsible for milk protein dilution. Recent studies report that, though milk protein percent may be reduced, milk protein yield is not changed by feeding fat (Rabiee et al., 2012) . Perhaps modern feeding practices when feeding supplemental fat, especially balancing diet AA, provide sufficient mammary AA supply to maintain protein yield.
RUMEN BH YIELDS INTERMEDIATES THAT CAUSE MILK FAT DEPRESSION
Low milk fat syndrome is a condition in which milk fat composition is altered and fat yield is reduced, usually by 30 to 50%, by certain feeding conditions. Such feeding conditions are varied but usually include diets characterized by low fiber or low effective fiber (ground or pelleted forages) intakes, high starch or high soluble carbohydrate diets, and unsaturated oils or oilseeds. Briefly, the past theories of milk fat depression included a shortage of dietary long-chain fatty acids, inadequate ruminal acetate production for the mammary synthesis of de novo fatty acids, overproduction of propionate in the rumen that caused an increase in insulin and shifted fat synthesis to adipose tissue, and reduced ruminal synthesis of vitamin B 12 that increased methylmalonylCoA, a competitive inhibitor of fatty acid synthase. For all of these, skepticism remained about their validity after extensive research over many years exposed weaknesses and little support.
A breakthrough on the theories of milk fat depression emerged following a refocus on trans fatty acids and their association with milk fat percentage. The necessity for low fiber to induce altered rumen fermentation and low pH, and a source of UFA to induce low milk fat syndrome was clearly demonstrated by Griinari et al. (1998) . In presence of low rumen pH and UFA, about half of the C18:1 fatty acid in milk fat was trans-10 18:1. Although trans-10 18:1 is closely associated with milk fat depression (Loor et al., 2005) , it is likely not the cause (Shingfield and Griinari, 2007) . Bauman and colleagues (Baumgard et al., 2000) demonstrated severe milk fat depression in cows infused with trans-10,cis-12 CLA but no depression following infusion of the cis-9,trans-11 CLA isomer. Thus, it was concluded that trans-10,cis-12 CLA is the most likely cause of milk fat depression, with infusion studies demonstrating the need for only a few grams of this CLA isomer to cause a marked decline in milk fat yield ( Figure 5 ). The history of low milk fat syndrome is described in detail by Bauman and Griinari (2001) , and the role of BH intermediates in milk fat depression is reviewed by Shingfield and Griinari (2007) .
Further research explored nutritional risk factors for the formation of bioactive CLA that causes milk fat depression. These included the influences of amounts of UFA fed, type and amount of fiber, rumen pH, ionophores, and rates of starch degradability. Formation of CLA in the rumen was also a function of feed management practices such as overcrowding at the bunk, inadequate feed mixing, frequency of feeding, and feed storage practices. All of these factors and their interactions continue to be investigated to determine the best practices for overcoming milk fat depression. In some cases, nutritionists have chosen to limit or even avoid supplementing diets with unsaturated fats rather than risk milk fat depression. Another approach by some is to take advantage of the benefits of unsaturated fat sources by following reasonable fat-feeding guidelines that limit the risk of milk fat depression.
FEEDING SPECIFIC FATTY ACIDS IS EXPLORED
As research continues on feeding traditional animaland plant-based fats, new interest in effects of feeding single fatty acids has occurred, extending beyond their energy contribution to include investigating potent structural, metabolic, and physiological effects of fatty acids, including the conversion of linoleic and linolenic acids to multiple eicosanoids (Palmquist, 2009) . Petit et al. (2002) examined the effects of feeding n-3 fatty acids from formaldehyde-treated linseed or duodenal infusions of linseed oil. Increased supply of n-3 fatty acid had effects on reproductive status, including larger CL as well as effects on prostaglandins that favored higher pregnancy rates. Since then, studies published on specific fatty acids are too numerous to detail. Some recent examples include linoleic and linolenic acid effects on oxylipid biosynthesis in mammary tissue and the severity of mastitis (Ryman et al., 2017) , CLA and essential fatty acid effects on cellular response against oxidative damage (Basiricò et al., 2017) , and altered ratio of n-3 and n-6 fatty acid effects on immune function and the inflammatory response in cows (Greco et al., 2015) . With interest in feeding specific UFA to cows came questions about ruminal disappearance of docosahexaenoic acid and EPA (AbuGhazaleh and Jenkins, 2004a,b) .
Interest in single fatty acids, however, was not confined only to UFA. Recently, other rumen-inert products containing >85% palmitic acid have been studied intensively in terms of their effects to increase milk fat percentage. In an early study by Mosley et al. (2007) , 0, 500, 1,000, and 1,500 g/d of an 87% palmitic acid product was fed; DMI, milk, fat and protein yields, and milk fat percent were increased by supplementing 500 g/d, without further increases at higher levels of supplementation. Lock et al. (2013) and Piantoni et al. (2013) both supplemented 2% palmitic-rich (>86%) fats and reported results similar to those observed by Mosley et al. (2007) ; that is, increased milk and fat yields, with little or no effect on de novo synthesis of milk fatty acids. Diets supplemented with >98% C18:0 at 2% of DM did not decrease de novo synthesis of milk fatty acids, but very little of the supplemental C18:0 was transferred to milk fat, in contrast to responses to C16:0 (Rico et al., 2014; Piantoni et al., 2015a) . Similarly, when comparing C16 fat with calcium soaps of palm fatty acid distillate (Rico et al., 2014) , the soap product decreased synthesis of de novo fatty acids by 7%, related to low amounts of ruminally formed trans fatty acids, decreased C16:0 by 15%, probably because of different intakes of this fatty acid, and increased C18 fatty acids by 10%. The effect of feeding high C16 supplements on milk fat percent should not, perhaps, be surprising in light of early research by Kinsella and Gross (1973) , who showed that palmitic acid stimulated glyceride synthesis in mammary tissue, and by Hansen and Knudsen (1987a,b) , who reported that palmitic acid stimulated mammary synthesis of butyrate and incorporation of all de novo synthesized fatty acids into glycerides. Research by J. W. McFadden's group has provided new insights into mechanisms by which C16:0 influences fatty acid metabolism. In cows supplemented with 16:0, plasma concentrations of total ceramide and glucosylceramide (GlcCer) decreased as lactation advanced, and ceramide and GlcCer were elevated. Palmitic acid feeding increased hepatic ceramide levels, a response not observed in skeletal muscle tissue. Plasma ceramides were positively correlated with plasma nonesterified fatty acids and milk yield, and positively correlated with nonesterified fatty acid concentrations following a glucose challenge. The data demonstrated a remodeled plasma and hepatic sphingolipidome in midlactation dairy cows fed 16:0. The potential involvement in ceramide in homeorhetic nutrient partitioning to support lactation requires further consideration . They reported also that supplementing 16:0 increases plasma ceramides that induce insulin resistance and decease glucose-stimulated disappearance of fatty acids from plasma, concordant with increased milk and fat yield . 
SUMMARY AND FUTURE DIRECTIONS
Research on supplementing fats has progressed through several stages in the past century; from the early use of fats only to increase milk fat percent, to research by milk chemists on dietary fat effects on milk fat composition, and later to questions concerning the need for fat alter milk fat composition and for maximum milk yield. In the past 50 yr, development of research methods for physiology, nutrition, and metabolism, such as GLC, biochemistry, statistics, and modeling, have permitted more focused studies to define how the cow uses fat. Most important with respect to the role of fats has been the continuing increase in milk production potential, which has caused the cow to require ever-increasing amounts of energy for maximum milk yield. Supplemental fats are now used in almost all lactation rations, whether they be oilseeds or commercial ruminal inert fats; very little free oil or tallow is now used.
Fat is now included in all modern computerized models for formulating lactation rations. Supplemental fat will be required as herd milk production grows increasingly beyond 15,000 kg/yr. Formulations may be developed to use whole seeds for milk yield, SFA or calcium soaps for fat production, and calcium soaps, whole soybeans, and fish oil for reproduction.
For many years now, dairy research has focused on supplementing fats to "improve healthfulness" of the milk fatty acid profile or to increase "beneficial fatty acids" (Palmquist et al., 2006) by decreasing SFA and increasing the proportion of UFA. Such approaches may be useful, although many are faulty in many respects: "improve" is subjective, not objective, and most changes in fatty acid profile have been insignificant in terms of the role of milk fat in the total diet. Similarly, such terms as "improved ratio of polyunsaturated to saturated fatty acids (P/S ratio)" and "atherogenic index" are misleading because these terms apply only to total foods consumed, not individual ingredients, if they have any validity at all. Further, efforts to make milk fat "more healthful" detract from the superior qualities of milk as a food (Patton, 2004) and, increasingly, as a source of functional foods. Finally, recent research (German et al., 2009) showed that there is no clear evidence that dairy food consumption is consistently associated with a higher risk of cardiovascular disease. Siri-Tarino et al. (2010b) , in a meta-analysis of prospective epidemiologic studies, found no significant evidence for concluding that dietary saturated fat is associated with an increased risk of cardiovascular heart disease or cardiovascular disease, and Siri-Tarino et al. (2010a) have shown that SFA improve the profile of small and large low density lipoprotein (LDL) particles compared with the effects of dietary carbohydrate. Later studies also support the conclusion that dairy fats are not the unhealthy food component that has been portrayed in some of the scientific, medical, and popular literature. Milk and milk components will continue to be subjects of research as sources of nutritional and functional foods, and we can hope that the concern for an association between milk SFA and health will decline.
